All relevant data are within the paper and its Supporting Information files except for the microarray data, which is available from National Center for Biotechnology Information Gene Expression Omnibus under the dataset number GSE71290.

Introduction {#sec001}
============

Apolipoprotein E (ApoE) is involved in several biological functions, including lipid metabolism, cardiovascular diseases, Alzheimer's disease, immune regulation, and infectious diseases \[[@ppat.1007372.ref001]--[@ppat.1007372.ref005]\]. ApoE is a component of very low density lipoprotein (VLDL), chylomicron, intermediate density lipoprotein (IDL), and high density lipoprotein (HDL) \[[@ppat.1007372.ref006]\] and mediates the transport and uptake of cholesterol and triglycerides \[[@ppat.1007372.ref001], [@ppat.1007372.ref002]\]. Originally referred to as the arginine-rich apoprotein \[[@ppat.1007372.ref007]\], ApoE is a secreted 34 kDa protein of 299 amino acid residues derived from a 317 amino acid precursor protein that is cleaved to release an 18 amino acids N-terminal signal peptide \[[@ppat.1007372.ref008], [@ppat.1007372.ref009]\]. The human *ApoE* gene is located on chromosome 19 in a cluster with *ApoCI* and *ApoCII* genes \[[@ppat.1007372.ref010], [@ppat.1007372.ref011]\]. ApoE is produced by liver, kidney, brain, and macrophages, and has three isoforms, ApoE2, ApoE3, and ApoE4, with isoform-specific functional properties \[[@ppat.1007372.ref012]--[@ppat.1007372.ref016]\]. ApoE3 and ApoE4 bind to the LDL receptor with similar affinity as a ligand whereas ApoE2 does not bind to the LDL receptor \[[@ppat.1007372.ref017]\]. The frequencies of these alleles vary in humans (E2, 5--10%; E3, 65--80%; and E4, 13--20%), and ApoE4 allele is more frequent in African people, for instance \[[@ppat.1007372.ref001]--[@ppat.1007372.ref005]\]. Yet, they differ only by two amino acids at residues 112 and 158. ApoE2 has cysteine and ApoE4 has arginine at both positions, and ApoE3 has cysteine 112 and arginine 158 \[[@ppat.1007372.ref001], [@ppat.1007372.ref002], [@ppat.1007372.ref006], [@ppat.1007372.ref007]\]. All other animals, including the great apes, have a single isoform with arginine at the corresponding positions \[[@ppat.1007372.ref018]\]. Plasma ApoE is synthesized primarily by liver hepatocytes and accounts for \~75% of the body's ApoE production with the remainder synthesized by the brain and various macrophages throughout the body \[[@ppat.1007372.ref012]--[@ppat.1007372.ref016]\].

Monocytes and macrophages are one of the initial target cell types of human immunodeficiency virus type 1 (HIV-1), and act both as reservoirs and sources of virus dissemination to other tissues throughout all stages of infection \[[@ppat.1007372.ref019]\]. HIV-1-infected macrophages are resistant to virus-induced cytopathic effects. They persist as long-term reservoirs for HIV-1 and contribute to the pathogenesis of acquired immune deficiency syndrome (AIDS) during all stages of infection. While HIV infection disrupts macrophage effector functions like phagocytosis, intracellular killing, and antigen presentation \[[@ppat.1007372.ref020]\], virus infection induces interferon (IFN) and an array of genes that promote broad anti-viral defense and innate immune response \[[@ppat.1007372.ref021], [@ppat.1007372.ref022]\]. In fact, IFN-α inhibits HIV-1 infection in primary monocyte-derived macrophages (MDMs) and the monocytic THP-1 cells \[[@ppat.1007372.ref023]\]. IFN-α treatment induces IFN-stimulated genes (ISGs) that encode anti-viral proteins \[[@ppat.1007372.ref022]\]. These include host restriction factors such as APOBEC3G \[[@ppat.1007372.ref024]--[@ppat.1007372.ref026]\], TRIM5α \[[@ppat.1007372.ref027]\], Tetherin (also known as BST-2) \[[@ppat.1007372.ref028], [@ppat.1007372.ref029]\], SAMHD1 \[[@ppat.1007372.ref030], [@ppat.1007372.ref031]\], and MX2 \[[@ppat.1007372.ref032]--[@ppat.1007372.ref034]\], which have been reported to restrict HIV-1 infection and replication \[[@ppat.1007372.ref035]\]. Furthermore, a number of additional host restriction factors, including APOBEC3 family \[[@ppat.1007372.ref036], [@ppat.1007372.ref037]\], rhesus macaque TRIM5α \[[@ppat.1007372.ref038]\], p21 \[[@ppat.1007372.ref039], [@ppat.1007372.ref040]\], DCAF1 \[[@ppat.1007372.ref041]\], TRIM22 (also known as Staf50) \[[@ppat.1007372.ref042]\], peroxisome proliferator-activated receptor \[[@ppat.1007372.ref043], [@ppat.1007372.ref044]\], urokinase-type plasminogen activator \[[@ppat.1007372.ref045]\], viperin \[[@ppat.1007372.ref046]\], CCAAT/enhancer binding protein \[[@ppat.1007372.ref047]\], miR-198 \[[@ppat.1007372.ref048]\], MARCH8 \[[@ppat.1007372.ref049]\], and mannose receptor 1 \[[@ppat.1007372.ref050]\] have been shown to restrict HIV replication in monocytes and macrophages \[[@ppat.1007372.ref021]\].

ApoE is involved in the pathogenesis of infectious diseases as well as susceptibility to pathogens, including herpes simplex virus-1 (HSV-1), hepatitis C virus (HCV), hepatitis E virus (HEV), HIV-1, varicella zoster virus (VZV), and Epstein-Barr virus (EBV), malaria, *Listeria monocytogenes* (LM), and *Klebsiella pneumoniae* \[[@ppat.1007372.ref051]--[@ppat.1007372.ref066]\]. ApoE4, in particular, has been shown to affect disease progression in HSV-1-, HCV-, and HIV-1-associated diseases. It is a risk factor for Alzheimer's disease in patients with HSV-1 in the brain \[[@ppat.1007372.ref051]\] and facilitates HSV-1 latency in the brain \[[@ppat.1007372.ref052]\]. Similarly, HIV-1-infected patients with the ApoE4 allele have higher rates of dementia and peripheral neuropathy \[[@ppat.1007372.ref053]\]. Conversely, ApoE4 protects against severe liver disease caused by HCV \[[@ppat.1007372.ref056]\] and is required for infectivity and infectious viral particle production of HCV \[[@ppat.1007372.ref057], [@ppat.1007372.ref058]\]. Furthermore, ApoE3 and E4 are significantly associated with protection against HEV infection \[[@ppat.1007372.ref059]\]. Interestingly, it was reported that purified recombinant ApoE4 proteins enhance the *in vitro* HIV-1 entry using SupT1-CCR5 cells \[[@ppat.1007372.ref055]\]. On the other hand, it was also reported that ApoE-derived antimicrobial peptide analogues inhibit HSV-1 and HIV-1 entry as well as *Pseudomonas aeruginosa* and *Staphylococcus aureus* \[[@ppat.1007372.ref064], [@ppat.1007372.ref065]\]. The reason for this discrepancy regarding the role of ApoE in HIV-1 infection is not clear yet. More interestingly, it was reported that ApoE was detectable in HIV-1 virions derived from HIV-1-infected MDMs \[[@ppat.1007372.ref066]\]. However, it has not been explored whether ApoE functions as a stimulator or an inhibitor of HIV-1 infection in MDMs. Therefore, in the current study, we attempted to clarify the potential role of ApoE in the HIV-1 life cycle in MDMs.

Results {#sec002}
=======

HIV-1 infection, but not IFN-α, up-regulates the endogenous ApoE expression in human primary monocyte-derived macrophages (MDMs) {#sec003}
--------------------------------------------------------------------------------------------------------------------------------

In this study, we initially investigated the effect of HIV-1 infection on endogenous *ApoE* expression in MDMs by using the JR-FL strain of HIV-1 \[[@ppat.1007372.ref067]\]. First, the microarray analysis ([Fig 1A](#ppat.1007372.g001){ref-type="fig"}) revealed that HIV-1 infection up-regulated the expression of *ApoE* in MDMs at 3 days post-infection (dpi). This was specific to *ApoE* because such up-regulation was not seen with other apolipoprotein genes including *ApoA-I*, *ApoA-II*, *ApoA-IV*, *ApoA-V*, *ApoB*, *ApoC-I*, *ApoC-II*, *ApoC-III* and *ApoD* ([Fig 1A](#ppat.1007372.g001){ref-type="fig"}). This was further confirmed at the protein levels by western blot: HIV-1 infection significantly up-regulated endogenous ApoE expression in all 3 donors tested ([Fig 1B](#ppat.1007372.g001){ref-type="fig"}). The active viral replication was confirmed by the expression of HIV-1 p24 Gag proteins ([Fig 1B](#ppat.1007372.g001){ref-type="fig"}). In this experiment, similar numbers of MDMs (approximately 1x10^5^ cells per well in 24-well plate) were used, as evidenced by the comparable signal of β-actin among donors. Yet, the signal of ApoE in uninfected MDMs of donor 2 was higher than that of donors 1 and 3, indicating that the basal expression level of ApoE varied among donors. The multiple bands of ApoE (indicated by arrowheads) might be explained by post-translational modifications, but both high- and low molecular weight forms of ApoE were up-regulated in HIV-1-infected MDMs. The microarray analysis also showed that HIV-1 infection induced various IFN-stimulated genes (ISGs) including HIV-1 restriction factors such as *MX2*, *APOBEC3G (A3G)*, *BST2*, and *IFITMs* in MDMs ([Fig 1C](#ppat.1007372.g001){ref-type="fig"}). Likewise, IFN-α treatment markedly enhanced *MX2* expression in MDMs ([Fig 1D](#ppat.1007372.g001){ref-type="fig"}). In contrast, *ApoE* expression was not affected by IFN-α ([Fig 1E](#ppat.1007372.g001){ref-type="fig"}). Thus, *ApoE* is not an ISG but an un-reported HIV-1-inducible cellular gene in MDMs.

![Effect of HIV-1 infection on ApoE expression in MDMs.\
**(A)** Heat map showing the up-regulation of *ApoE* expression (indicated in red) among *Apo* genes in HIV-1-infected MDMs were generated from the microarray analysis. The color bar indicates gene expression in the log2 scale. MDMs prepared from a healthy donor were infected with HIV-1 JR-FL (100 ng/mL p24) by using the supernatants of HEK293A cells transfected with the HIV-1 molecular clone as a source of viruses, and cultured for 3 days prior to total RNA isolation (right). The control uninfected MDMs were prepared by culturing with media for 3 days (left). dpi, days post-infection.**(B)** MDMs (3 donors) were infected with HIV-1 JR-FL as in (A), cultured for 3, 6 or 8 days, lysed, and subjected to western blot to analyze the expression of ApoE. HIV-1 p24 levels were also analyzed to verify the viral replication. Anti-β-actin blot was used as a loading control. The total cell lysates of MDMs were also prepared immediately before HIV-1 infection as a control ("0 dpi"). The arrowheads indicate the high and low molecular weight ApoE. **(C)** Heat maps showing the up-regulation of various IFN-stimulated genes (ISGs) including HIV-1 restriction factors such as *MX2*, *APOBEC3G (A3G)*, *BST-*2 and *IFITMs* were generated from the microarray analysis as in (A). **(D, E)** MDMs (3 donors) were left untreated or treated with 1,000 U/mL IFN-, cultured for 24 h, and subjected to qRT-PCR to analyze the mRNA level of *MX2* (panel D) or *ApoE* (panel E) followed by the normalization to the mRNA level of *β-actin*. Each mRNA level was calculated relative to untreated MDMs (fold). Error bars in these panels indicate standard deviation of triplicate PCR assays.](ppat.1007372.g001){#ppat.1007372.g001}

To further confirm the ApoE induction by HIV-1, we performed several experiments. In the experiments shown in [Fig 1A and 1B](#ppat.1007372.g001){ref-type="fig"}, the supernatants of HEK293A cells transfected with the HIV-1 molecular clones were used as a source of recombinant viruses. However, when MDMs were incubated with the supernatants of HEK293A cells transfected with the empty vector (see "Mock"), ApoE induction was never detected even when monitored up to day 8 ([S1 Fig](#ppat.1007372.s001){ref-type="supplementary-material"}), confirming that the observed change in ApoE levels was caused by HIV-1 infection. These experiments also showed that the ApoE induction by HIV-1 was detectable as early as 1 dpi, suggesting that ApoE is an HIV-1-inducible early cellular factor. In contrast, ApoB, a primary apolipoprotein of chylomicrons, VLDL, IDL, and LDL, was not induced by HIV-1 infection ([S1 Fig](#ppat.1007372.s001){ref-type="supplementary-material"}), since ApoB is expressed primarily in liver and small intestine, but not in other tissues \[[@ppat.1007372.ref068]\]. We also found that the ApoE induction was independent of HIV-1 accessary proteins including Nef, Vpr, Vpu and Vif, because the mutant viruses lacking the expression of each viral gene still retained the ability to up-regulate ApoE ([S2 Fig](#ppat.1007372.s002){ref-type="supplementary-material"}). Furthermore, we found that the ApoE was never induced in either the T cell line (MT-4 cells) or primary peripheral CD4^+^ T cells, in spite of active viral replication as evidenced by p24 expression in these cells ([S3 Fig](#ppat.1007372.s003){ref-type="supplementary-material"}). Thus, these results indicate that HIV-1 replication itself up-regulates ApoE expression in macrophages but not in T lymphocytes, which is independent of HIV-1 proteins including Nef, Vpr, Vpu and Vif.

ApoE knockdown in MDMs results in an enhancement of HIV-1 production {#sec004}
--------------------------------------------------------------------

The selective ApoE induction in MDMs by HIV-1 at both mRNA and protein levels prompted us to investigate the role of ApoE in HIV-1 replication in the cells. To this end, we employed the transient knockdown of endogenous ApoE using siRNA. Since the basal expression level of ApoE varied among donors (see [Fig 1B](#ppat.1007372.g001){ref-type="fig"}), we performed the knockdown experiments using donors whose basal ApoE levels were relatively high, and confirmed an effective knockdown of ApoE in MDMs ([Fig 2A](#ppat.1007372.g002){ref-type="fig"}). In this experiment, we used ApoE-targeting siRNA ("si-ApoE") and non-targeting siRNA as a control ("si-Cr"), which is a mixture (SMARTpool) of 4 siRNAs ("4-pool"). The ApoE knockdown affected neither the cell surface expression of HIV-1 receptors such as CD4 and CCR5 ([Fig 2B](#ppat.1007372.g002){ref-type="fig"}) nor the viability of MDMs ([Fig 2C](#ppat.1007372.g002){ref-type="fig"}). Interestingly, the levels of p24 in the supernatants ("sup") of MDMs transfected with ApoE siRNA were higher than those of MDMs transfected with control siRNA in all 4 donors tested ([Fig 2D](#ppat.1007372.g002){ref-type="fig"}), which was more evident at 2 or 3 dpi (the right panel in each donor set of [Fig 2D and 2E](#ppat.1007372.g002){ref-type="fig"}) than 5 or 6 dpi (the left panel in each donor set of [Fig 2D](#ppat.1007372.g002){ref-type="fig"}). In fact, when assessed at 2 dpi, the cultures of MDMs transfected with ApoE siRNA contained higher number of multi-nucleated fused MDMs (the formation of "syncytia"), which is a hallmark of an active viral replication \[[@ppat.1007372.ref069]\], than those of MDMs transfected with control siRNA ([Fig 2F](#ppat.1007372.g002){ref-type="fig"} and [S4 Fig](#ppat.1007372.s004){ref-type="supplementary-material"}). Thus, these results suggest that ApoE has an anti-HIV-1 activity, in particular, in earlier infection phases such as 2 and 3 dpi, which was consistent with the finding that the ApoE induction by HIV-1 was detectable as early as 1 dpi (see [S1 Fig](#ppat.1007372.s001){ref-type="supplementary-material"}).

![Effect of ApoE knockdown on HIV-1 production in MDMs.\
**(A)** MDMs were transfected with either ApoE-targeting siRNA ("si-ApoE") or non-targeting siRNA as a control ("si-Cr"), which is a mixture (SMARTpool) of 4 siRNAs ("4-pool"), cultured for 2 days, and analyzed for their ApoE levels by western blot. Anti-β-actin blot was used as a loading control. Data shown are representative of experiments obtained from 4 different donors with similar results. **(B)** MDMs were transfected as in (A), cultured for 2 days, and analyzed for their cell surface CD4 (left panel) and CCR5 (right panel) expression by flow cytometry. The mean fluorescence intensity (MFI) values of ApoE siRNA-transfected cells are represented as percentages relative to those of control siRNA-transfected cells. Results for MDMs obtained from 3 different donors are summarized. *n*.*s*., not significant. **(C)** MDMs were transfected as in (A), cultured for 3 (left panel) or 6 days (right panel), and analyzed for their viability by the MTT assay. The viabilities of ApoE siRNA-transfected cells are represented as percentages relative to those of control siRNA-transfected cells. Results for MDMs obtained from 3 different donors are summarized. *n*.*s*., not significant. **(D)** MDMs (4 donors) were transfected as in (A), cultured for 2 days, and infected with HIV-1 JR-FL (100 ng/mL p24). The culture supernatants ("sup") were collected as indicated (dpi, days of post-infection), and analyzed for their levels of p24 concentration by ELISA. The left panel in each donor set shows the overall kinetics of viral production. The right panel in each donor set shows the p24 concentrations in an earlier phase (3 dpi for donors 1 and 2, or 2 dpi for donors 3 and 4). **(E)** MDMs were transfected as in (A), infected as in (D), and analyzed for their levels of p24 concentration in the supernatants by ELISA. The p24 values of ApoE siRNA-transfected cells are represented as percentages relative to those of control siRNA-transfected cells. Results for MDMs obtained from 4 donors are summarized. \**p* \< 0.05. **(F)** MDMs were transfected as in (A), cultured for 2 days, infected with HIV-1 JR-FL with different viral inputs (10 or 50 ng/mL of p24) for 2 days, and stained with DAPI. The numbers of fused MDMs ("syncytia") that had more than 5 nuclei were quantified by selecting 3 different areas for each group (see [S4 Fig](#ppat.1007372.s004){ref-type="supplementary-material"} for typical multi-nucleated MDMs). Data shown are representative of experiments obtained from 2 different donors with similar results.](ppat.1007372.g002){#ppat.1007372.g002}

To further confirm the anti-HIV-1 activity of ApoE, we performed several experiments. First, we compared the levels of *MX2*, the typical ISG (see [Fig 1D](#ppat.1007372.g001){ref-type="fig"}), between MDMs transfected with ApoE siRNA and those transfected with control siRNA, using qRT-PCR. As shown ([Fig 3A and 3B](#ppat.1007372.g003){ref-type="fig"}), we did not find any statistical difference in *MX2* expression between 2 groups: at least, the level of *MX2* mRNA in MDMs transfected with ApoE siRNA was not higher than that of MDMs transfected with control siRNA. Thus, it was likely that the enhanced HIV-1 production observed by ApoE knockdown was not due to an induction of ISGs. Next, we attempted to confirm the enhanced viral production by ApoE knockdown using additional siRNAs. Among the pool of 4 siRNAs (\#1, \#2, \#3 and \#4) that was used in the experiments shown above, \#1 and \#2 siRNAs were sufficient for effective knockdown of ApoE ([Fig 3C](#ppat.1007372.g003){ref-type="fig"}). As shown ([Fig 3D](#ppat.1007372.g003){ref-type="fig"}), the levels of p24 in the supernatants of MDMs transfected with ApoE \#1 siRNA or \#2 siRNA were still higher than those of MDMs transfected with control non-targeting siRNA (the pool or \#1). Thus, it was likely that the enhanced HIV-1 production observed by ApoE knockdown was not due to an off-target effect of the siRNAs used. Interestingly, in addition to p24 Gag in the supernatants, the levels of intracellular Gag in MDMs transfected with ApoE siRNA was also higher than those in MDMs transfected with control non-targeting siRNA ([Fig 3E](#ppat.1007372.g003){ref-type="fig"}), indicating that ApoE knockdown indeed enhanced viral production, but not simply due to an enhancement of viral release.

![Effects of ApoE knockdown on MX2 expression and HIV-1 production in MDMs.\
**(A)** MDMs (3 donors) were transfected with either ApoE-targeting siRNA ("si-ApoE") or non-targeting siRNA as a control ("si-Cr"), which is a mixture (SMARTpool) of 4 siRNAs ("4-pool"), cultured for 2 days, and analyzed for their *MX2* mRNA levels by qRT-PCR followed by the normalization to the mRNA level of *β-actin*. Each mRNA level was calculated relative to the control siRNA-transfected MDMs (fold). Error bars in these panels indicate standard deviation of triplicate PCR assays. MDMs left untreated or treated with IFN-α for 24 h were added as a reference for *MX2* expression (see donor 3). **(B)** MDMs were transfected and analyzed as in (A). The *MX2* mRNA expression levels of ApoE siRNA-transfected cells are represented as percentages relative to those of control siRNA-transfected cells. Results for MDMs obtained from 3 different donors are summarized. *n*.*s*., not significant. **(C)** MDMs were transfected with either ApoE-targeting siRNA ("si-ApoE") or non-targeting siRNA as a control ("si-Cr"), cultured for 2 days, and analyzed for their ApoE levels by western blot. In addition to the pool of 4 (\#1, \#2, \#3 and \#4) ApoE-targeting siRNAs ("4-pool"), \#1 and \#2 siRNAs were used. Anti-β-actin blot was used as a loading control. Data shown are representative of experiments obtained from 4 different donors with similar results. **(D)** MDMs (3 donors) were transfected with the indicated siRNAs (ApoE-targeting or non-targeting siRNA), cultured for 2 days, and infected with HIV-1 JR-FL (100 ng/mL p24). The culture supernatants were collected as indicated, and analyzed for their levels of p24 concentration by ELISA. **(E)** MDMs were transfected with either ApoE-targeting siRNA (\#1) or non-targeting siRNAs (SMART pool), cultured for 2 days, and infected with HIV-1 JR-FL (100 ng/mL p24) for another 2 days. Then, their intracellular Gag levels were determined by flow cytometry. In the right panel, the frequencies of intracellular Gag-positive MDMs in the ApoE siRNA transfection are represented as percentages relative to those in the control siRNA transfection, and results for MDMs obtained from 3 donors are summarized. \**p* \< 0.05.](ppat.1007372.g003){#ppat.1007372.g003}

ApoE knockdown in MDMs also results in an enhancement of the infectivity of produced viruses and the cell surface expression of HIV-1 envelope (Env) proteins {#sec005}
-------------------------------------------------------------------------------------------------------------------------------------------------------------

Interestingly, we also found that the infectivity of the viruses produced by ApoE siRNA-transfected MDMs was higher than that by control siRNA-transfected MDMs ([Fig 4A](#ppat.1007372.g004){ref-type="fig"}, left graph). The difference in the infectivity between 2 groups was relatively small when compared with that in the viral production (see Figs [2E](#ppat.1007372.g002){ref-type="fig"} and [3D](#ppat.1007372.g003){ref-type="fig"}), but statistically significant ([Fig 4A](#ppat.1007372.g004){ref-type="fig"}, right graph). Since HIV-1 envelope (Env) proteins, which interact with HIV-1 receptors, are critical for the infectivity of virions, we hypothesized that the ApoE knockdown exerted some influence on Env. First, the levels of Env in MDMs transfected with ApoE siRNA were higher than those in MDMs transfected with control non-targeting siRNAs ([Fig 4B](#ppat.1007372.g004){ref-type="fig"}). This was as expected, because the ApoE knockdown enhanced the viral production itself. However, of importance, we found that Env tended to localize at the surface of MDMs transfected with ApoE siRNA ([Fig 4C and 4D](#ppat.1007372.g004){ref-type="fig"} for higher and lower magnification, respectively). The Env signal was specific because it was not detected in uninfected MDMs ([Fig 4D](#ppat.1007372.g004){ref-type="fig"}, upper left). In the quantitative analysis ([Fig 4E](#ppat.1007372.g004){ref-type="fig"}), approximately half of MDMs in the ApoE siRNA-transfected cultures ("si-ApoE") showed a bright signal of Env at the cell surface (left-most set), which was contrast to the finding that most MDMs in the control cultures ("si-Cr") showed a diffuse signal of Env. The distribution of the bright Env signal in the ApoE siRNA-transfected MDMs was similar to that of CD14, the typical cell surface marker for MDMs ([S5 Fig](#ppat.1007372.s005){ref-type="supplementary-material"}). Thus, it was likely that the ApoE knockdown facilitated the localization of Env at the surface of MDMs, which resulted in the enhanced viral infectivity and viral replication.

![Effects of ApoE knockdown on infectivity of produced HIV-1 and localization of HIV-1 Env in MDMs.\
**(A)** MDMs were transfected with either ApoE siRNA \#1 or pooled non-targeting siRNAs, cultured for 2 days, and infected with HIV-1 JR-FL (100 ng/mL p24). In the left panel, the supernatants were collected at 2 dpi, and the infectivity of the produced viruses was analyzed by the luciferase (Luc) reporter gene assay with TZM-bl cells, by changing the viral input (p24 amount) as indicated. RLU, relative light units. In the right panel, the infectivity of the viruses produced by ApoE siRNA-transfected cells are represented as percentages relative to that by control siRNA-transfected cells, and results for MDMs obtained from 3 donors are summarized. \**p* \< 0.05. **(B)** MDMs were transfected and infected as in (A). In the left panel, the cell lysates were prepared at 2 dpi, and their levels of Env (gp160) were analyzed by western blot. ApoE levels were also analyzed to verify the knockdown efficiency, and anti-β-actin blot was used as a loading control. In the right panel, the Env levels (quantified by the densitometric analysis) in ApoE siRNA-transfected cells are represented as percentages relative to those in control siRNA-transfected cells, and results for MDMs obtained from 3 donors are summarized. \**p* \< 0.05. **(C)** MDMs were transfected with either pooled non-targeting siRNAs (top panels) or ApoE siRNA \#1 (middle and bottom panels), cultured for 2 days, infected with HIV-1 JR-FL (100 ng/mL p24) and co-stained with anti-Env antibodies (green), anti-ApoE antibodies (red) and DAPI (blue) at 2 dpi. Data shown are representative of experiments obtained from 2 different donors with similar results. Original magnification x600. **(D)** MDMs were stained with anti-Env antibodies (green). MDMs were prepared as follows: left untransfected and uninfected (upper left), untransfected and infected with HIV-1 JR-FL (100 ng/mL p24) (upper right), transfected with pooled non-targeting siRNAs and infected with HIV-1 JR-FL (100 ng/mL p24) (lower left), and transfected with ApoE siRNA \#1 and infected with HIV-1 JR-FL (100 ng/mL p24) (lower right). MDMs were cultured for 2 days after the transfection, and then analyzed for Env expression at 2 dpi. Data shown are representative of experiments obtained from 2 different donors with similar results. **(E)** MDMs were transfected with either ApoE siRNA \#1 (left) or pooled non-targeting siRNAs (right), and infected and stained as in (D). MDMs were randomly selected (10 cells for each group) and analyzed for their distribution of Env signal. The position of the cell surface are indicated by arrows.](ppat.1007372.g004){#ppat.1007372.g004}

Exogenous expression of ApoE in 293T cells reduces HIV-1 Env expression and viral infectivity {#sec006}
---------------------------------------------------------------------------------------------

The results with MDMs suggested that ApoE, which is the newly-identified HIV-1-inducible cellular protein functions as the anti-HIV-1 factor by targeting Env. To test this hypothesis, we performed a series of ApoE over-expression studies using 293T cells, which are negative for ApoE expression ([S6 Fig](#ppat.1007372.s006){ref-type="supplementary-material"}). We initially found that all the ApoE isoforms (ApoE2 in [Fig 5A](#ppat.1007372.g005){ref-type="fig"}, ApoE3 in [Fig 5B](#ppat.1007372.g005){ref-type="fig"}, and ApoE4 in [Fig 5C](#ppat.1007372.g005){ref-type="fig"}) significantly reduced the intracellular expression of Env when co-expressed with CCR5-trpoic HIV-1 molecular clone such as JR-FL \[[@ppat.1007372.ref067]\] and AD8 \[[@ppat.1007372.ref070]\]. The level of exogenous ApoE expression in 293T cells was similar to that of JR-FL-infected MDMs, and the ApoE reduced the Env expression in 293T cells in a dose dependent manner ([S7 Fig](#ppat.1007372.s007){ref-type="supplementary-material"}). In contrast, ApoE isoforms had little or modest effect on the intracellular expression of p24 and its precursor form p55 ([S7 Fig](#ppat.1007372.s007){ref-type="supplementary-material"} and [Fig 5](#ppat.1007372.g005){ref-type="fig"}). Of importance, all the ApoE isoforms (ApoE2 in [Fig 5E](#ppat.1007372.g005){ref-type="fig"}, ApoE3 in [Fig 5F](#ppat.1007372.g005){ref-type="fig"}, and ApoE4 in [Fig 5G](#ppat.1007372.g005){ref-type="fig"}) significantly reduced not only the viral production (upper panels) but also the infectivity of produced viruses (lower panels) when co-expressed with the CCR5-trpoic HIV-1 molecular clones (JR-FL and AD8). Such reduction in the viral infectivity was also observed with CXCR4-tropic clones such as R9 and NL4-3 \[[@ppat.1007372.ref071]--[@ppat.1007372.ref073]\] ([Fig 5E--5G](#ppat.1007372.g005){ref-type="fig"}), and the ROD10 strain \[[@ppat.1007372.ref074]\] of HIV-2 ([S8 Fig](#ppat.1007372.s008){ref-type="supplementary-material"}). Meanwhile, none of ApoE isoforms affected the infectivity of VSV-G Env-pseudotyped viruses ([Fig 5H](#ppat.1007372.g005){ref-type="fig"}, right-most set) and the intracellular expression of VSV-G Env ([Fig 5I](#ppat.1007372.g005){ref-type="fig"}), indicating that the inhibitory activity of ApoE on the expression of HIV-1 Env and its infectivity was not due to a non-specific effect. Indeed, we found that all the ApoE isoforms markedly reduced the amount of HIV-1 Env, but not p24, incorporated into virions ([Fig 5J](#ppat.1007372.g005){ref-type="fig"}), which was highly likely to explain the low viral infectivity by ApoE co-expression. Thus, the results of both ApoE knockdown in MDMs and ApoE expression in 293T cells support the conclusion that ApoE affects Env expression and thereby infectivity of HIV-1.

![Effects of exogenous expression of ApoE on Env expression and viral infectivity in 293T cells.\
**(A-C)** The 293T cells were transfected with 2 μg of the HIV-1 molecular clone (JR-FL or AD8), or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector, cultured for 3 days, lysed, and subjected to western blot to analyze the expression of Env. ApoE expression was verified using anti-HA antibody. Anti-β-actin blot was used as a loading control. **(D)** The 293T cells were transfected with 2 μg of the HIV-1 molecular clone (JR-FL in upper panel, and AD8 in lower panel), or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector, cultured for 3 days, lysed, and subjected to western blot to analyze the expression of Gag (p55 and p24). **(E-G)** The 293T cells were transfected with 2 μg of the HIV-1 molecular clone (R9, NL4-3, JR-FL or AD8), or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector. The supernatants of the transfected 293T cells were collected and analyzed for their levels of p24 concentration by ELISA (upper panels). Then, viruses (input p24: 10 ng/mL) were added to TZM-bl indicator cells. At 24 h of post-infection, the viral infectivity was measured by luciferase assays (lower panels). The infectivity of the viruses produced by ApoE co-transfected cells are represented as percentages relative to that by empty vector-transfected cells. Error bars indicate standard deviations of triplicate assays. Data shown are representative of 3 independent experiments with similar results. **(H)** The 293T cells were transfected with 1 μg of the wild-type (WT) HIV-1 molecular clone (R9), 1 μg of its mutant lacking Env (R9ΔEnv) supplemented with 1 μg of HIV-1 Env expression vector (JR-FL Env) or 0.5 μg of R9ΔEnv supplemented with 0.5 μg of VSV-G Env expression vector, or co-transfected with 1 μg of the indicated HA-tagged ApoE expression vector. The supernatants of the transfected 293T cells were collected and analyzed for their levels of p24 concentration by ELISA (upper panel). Then, the infectivity of the produced viruses (lower panel) was measured as in (E-G). **(I)** The 293T cells were transfected with 2 μg of VSV-G Env expression vector, or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector, cultured for 3 days, lysed, and subjected to western blot to analyze the expression of VSV-G. **(J)** The 293T cells were transfected with 2 μg of the HIV-1 molecular clone (JR-FL in upper panel, and AD8 in lower panel), or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector, and cultured for 3 days. The culture supernatants were filtrated with a 0.45 μm filter and centrifuge at 20,000 x g for 2 h at 4 °C. The pellets were lysed and subjected to western blot to analyze the expression of HIV-1 Env and p24.](ppat.1007372.g005){#ppat.1007372.g005}

ApoE co-localizes with HIV-1 Env in the cytoplasm and associates with the gp160 Env precursor {#sec007}
---------------------------------------------------------------------------------------------

We next attempted to clarify the molecular mechanisms by which ApoE affected the expression HIV-1 Env. First, the reduction of HIV-1 Env expression by ApoE in 293T cells was reproducible even when we used the plasmid expressing Env alone ([S9A Fig](#ppat.1007372.s009){ref-type="supplementary-material"}). Such obvious reduction was not observed with the plasmid expressing p24 alone ([S9B Fig](#ppat.1007372.s009){ref-type="supplementary-material"}), as expected. Meanwhile, the reduction of HIV-2 (ROD10) Env expression by ApoE in 293T cells was also reproducible even when we used the plasmid expressing Env alone ([S9C Fig](#ppat.1007372.s009){ref-type="supplementary-material"}). Thus, ApoE affected HIV-1 and HIV-2 Env expression, even in the absence of other viral proteins.

As mentioned above, it appeared that ApoE co-localized with HIV-1 Env in MDMs (see [Fig 4C](#ppat.1007372.g004){ref-type="fig"}, top panels) and ApoE knockdown facilitated the localization of Env at the surface of MDMs (see [Fig 4E](#ppat.1007372.g004){ref-type="fig"} and [S5 Fig](#ppat.1007372.s005){ref-type="supplementary-material"}). It was shown that Env was quickly endocytosed \[[@ppat.1007372.ref075]\]. In fact, Env localized diffusely in the cytoplasm when expressed in 293T cells ([S10 Fig](#ppat.1007372.s010){ref-type="supplementary-material"}). However, in approximately half of the transfected 293T cells, Env localized also to the plasma membrane (see [S10 Fig](#ppat.1007372.s010){ref-type="supplementary-material"}, left-most set, and [Fig 6A](#ppat.1007372.g006){ref-type="fig"}, top panel). Interestingly, when co-expressed with ApoE, Env tended to localize into cytoplasmic vesicles together with ApoE, in most of the transfected 293T cells ([Fig 6A](#ppat.1007372.g006){ref-type="fig"}, middle panels, and [S10 Fig](#ppat.1007372.s010){ref-type="supplementary-material"}, "ApoE (+)"). Such change from the plasma membrane to cytoplasmic vesicles in the presence of ApoE was not observed with p24 ([Fig 6A](#ppat.1007372.g006){ref-type="fig"}, bottom panels). The change in the localization of HIV-1 Env by ApoE co-expression was not due to a non-specific effect because VSV-G Env predominantly localized to the plasma membrane even in the presence of ApoE ([Fig 6B](#ppat.1007372.g006){ref-type="fig"}). Interestingly, when the lysates of 293T cells expressing ApoE and those expressing HIV-1 Env were mixed, incubated with anti-HA antibody to immunoprecipitate the ApoE complex, and analyzed by western blot using the anti-Env monoclonal antibody KD-247 \[[@ppat.1007372.ref076]\], we detected glycoprotein (gp)160, a precursor form of Env, in the ApoE immunoprecipitates ([Fig 6C](#ppat.1007372.g006){ref-type="fig"}). In the experiment, ApoE and Env were expressed in 293T cells independently and their lysates were mixed for the immunoprecipitation because ApoE significantly reduced the intracellular expression of Env when co-expressed (see [Fig 5](#ppat.1007372.g005){ref-type="fig"}). gp160 was also detected in ApoE immunoprecipitates under the different immunoprecipitation conditions (see [S13 Fig](#ppat.1007372.s013){ref-type="supplementary-material"} for details). In contrast, VSV-G Env was not detected in the ApoE immunoprecipitates ([Fig 6D](#ppat.1007372.g006){ref-type="fig"}), as expected. HIV-1 gp160 Env is cleaved into the mature Env proteins (gp120 and gp41) by the host cell protease furin \[[@ppat.1007372.ref077]\], and gp120 was minimally detected in the ApoE immunoprecipitates ([Fig 6C](#ppat.1007372.g006){ref-type="fig"}). Thus, it was likely that ApoE preferentially associated with the precursor gp160 or gp160-interacted protein(s), which explained the ApoE-Env co-localization in the cytoplasm.

![Effect of exogenous expression of ApoE on the localization of Env, and the association between ApoE and gp160 Env in 293T cells.\
**(A)** The 293T cells were transfected with 100 ng of the HIV-1 molecular clone JR-FL (top panels), or co-transfected with 100 ng of the HA-tagged ApoE3 expression vector (middle and bottom panels) in a 2-well chamber slide. Twenty-four hours post-transfection, the cells were stained with anti-HIV-1 Env, anti-HIV-1 p24, or anti-HA antibody, and the signals were visualized with AlexaFluor488 goat anti-Human IgG or AlexaFluor594 donkey anti-mouse IgG. Nuclei were stained with DAPI (blue). Original magnification x600. **(B)** The 293T cells were co-transfected with 100 ng of VSV-G Env expression vector and 100 ng of HA-tagged ApoE3 expression vector, in a 2-well chamber slide. Twenty-four hours post-transfection, the cells were co-stained with anti-VSV-G antibody (red), anti-HA antibody (green) and DAPI (blue). Original magnification x600. **(C)** The 293T cells were transfected with 4 μg of the HIV-1 molecular clone JR-FL or 4 μg of the indicated HA-tagged ApoE expression vector (either ApoE3 or ApoE4). The cell lysates were mixed and incubated with the anti-HA antibody (to precipitate the ApoE complex), and the ApoE immunoprecipitates (IP) were analyzed for the presence of Env by western blot (upper right). The level of Env in the total cell lysates is also shown (upper left, "input"). The arrowheads indicate the precursor (gp160) and mature form (gp120) of Env. In the bar graph, the gp160 or gp120 levels (quantified by the densitometric analysis) in the ApoE immunoprecipitates are represented as percentages relative to those in total cell lysates ("Recovery in ApoE-IP"), and results obtained from three independent experiments are summarized. \*p\<0.0001.**(D)** The 293T cells were transfected with 2 μg of VSV-G Env expression vector, or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector. Then, the cell lysates were immunoprecipitated as in (C), and the ApoE immunoprecipitates (IP) were analyzed for the presence of VSV-G Env by western blot (upper). The level of VSV-G Env in the total cell lysates is also shown (lower, "input").](ppat.1007372.g006){#ppat.1007372.g006}

The C-terminal region of ApoE is required for its inhibitory activity to HIV-1 Env, and ApoE targets HIV-1 Env for lysosomal degradation {#sec008}
----------------------------------------------------------------------------------------------------------------------------------------

ApoE has several functional domains including the 18 amino acid N-terminal signaling peptide, the LDL-receptor-binding domain (residues 140--160), and the C-terminal lipid-binding domain (residues 202--299) (see [Fig 7A](#ppat.1007372.g007){ref-type="fig"}). To determine which domain is required for the inhibitory effect of ApoE on HIV-1 Env, we constructed the following ApoE3 deletion mutants: an N-terminal half of ApoE3 (E3N: residues 1--162), an N-terminal half of ApoE3 without the receptor-binding domain (E3NΔ: residues 1--142), a C-terminal half of ApoE3 (E3C: residues 125--299), and a C-terminal half of ApoE3 without the receptor-binding domain (E3CΔ: residues 163--299) ([Fig 7A](#ppat.1007372.g007){ref-type="fig"}). As shown ([Fig 7B](#ppat.1007372.g007){ref-type="fig"}), when co-expressed with HIV-1 Env in 293T cells, both E3C and E3CΔ reduced the intracellular Env expression, the degree of which was comparable to that of the full-length ApoE3 whereas both E3N and E3NΔ almost completely lost the inhibitory activity. The LDL-receptor-binding domain was unrelated to the inhibitory activity because both the defective E3N and functional E3C retained the domain. Thus, the C-terminal region including the lipid-binding domain was required for the inhibitory activity of ApoE to HIV-1 Env. Interestingly, all the mutants induced the cytoplasmic localization of Env ([S11 Fig](#ppat.1007372.s011){ref-type="supplementary-material"}), and even the defective ApoE3 mutants (E3N and E3NΔ) co-localized with Env ([Fig 7C](#ppat.1007372.g007){ref-type="fig"}), suggesting that the inhibitory activity of ApoE to Env was not only due to an interference of the intracellular transport of Env caused by the association between ApoE and Env, but also through an additional mechanism such as a degradation of Env. Indeed, both ApoE and Env were detectable in Rab5-positive early endosome, Rab7-positive late endosome, and also LAMP1-positive lysosome in both the transfected 293T cells ([Fig 8A](#ppat.1007372.g008){ref-type="fig"}, upper panels). In the quantitative analysis, the co-localization of ApoE/Env with LAMP1 was most obvious ([S12 Fig](#ppat.1007372.s012){ref-type="supplementary-material"}). The localization of Env in LAMP1-positive lysosome was further confirmed in MDMs ([Fig 8A](#ppat.1007372.g008){ref-type="fig"}, lower panels). Consistent with this, we found that the ApoE-induced suppression of Env expression in the co-expressing 293T cells was almost completely rescued by the treatment with lysosome inhibitors \[[@ppat.1007372.ref049]\] such as leupeptin and pepstatin ([Fig 8B](#ppat.1007372.g008){ref-type="fig"}). Moreover, these inhibitors tended to enhance Env expression in ApoE siRNA-untransfected MDMs ([Fig 8C](#ppat.1007372.g008){ref-type="fig"}), suggesting the presence of Env in lysosomes. Finally, when the lysates of 293T cells co-expressing ApoE and HIV-1 Env in the presence of the lysosome inhibitors were incubated with anti-HA antibody to immunoprecipitate the ApoE complex, gp160 was detected in the ApoE immunoprecipitates ([S13 Fig](#ppat.1007372.s013){ref-type="supplementary-material"}), as we observed under the different immunoprecipitation conditions (see [Fig 6C](#ppat.1007372.g006){ref-type="fig"}). Thus, it was likely that ApoE inhibited HIV-1 production by associating with gp160 and facilitating their degradation in the lysosomes. In summary, our study revealed that ApoE is the HIV-1-inducible inhibitor of viral production and infectivity in macrophages, and suggested that the anti-HIV-1 activity of ApoE is due to the degradation of gp160 Env in the lysosomes and the C-terminal region of ApoE is necessary for the Env degradation.

![Effects of ApoE3 mutants on Env expression and localization in 293T cells.\
**(A)** Schematic representation of ApoE3 protein structure and the deletion mutants (E3N, E3NΔ, E3C and E3CΔ). ApoE has three functional domains: the N-terminal signaling domain, the LDL receptor-binding domain, and the C-terminal lipid-binding domain. **(B)** The 293T cells were transfected with 2 μg of the HIV-1 molecular clone JR-FL, or co-transfected with 2 μg of the HA-tagged full-length ApoE3 (E3) or the indicated mutant expression vector. The cells were then lysed, and subjected to western blot to analyze the expression of Env. ApoE expression was verified using anti-HA antibody. Anti-β-actin blot was used as a loading control. **(C)** The 293T cells were co-transfected with 100 ng of the HIV-1 molecular clone JR-FL and 100 ng of the indicated ApoE3 expression vector. Twenty-four hours post-transfection, the cells were stained with anti-HIV-1 Env and anti-HA antibodies, and the signals were visualized with AlexaFluor488 goat anti-Human IgG and AlexaFluor594 donkey anti-mouse IgG. Nuclei were stained with DAPI (blue). Original magnification x600.](ppat.1007372.g007){#ppat.1007372.g007}

![Presence of Env in endosomes and lysosomes in ApoE-expressing 293T cells and HIV-1-infected MDM, and effect of lysosomal inhibitors on ApoE-induced suppression of Env expression.\
**(A)** The 293T cells (upper panels) were co-transfected with 100 ng of the HIV-1 molecular clone JR-FL and 100 ng of pCAG-ApoE3-HA in a 2-well chamber slide. Twenty-four hours post-transfection, the cells were co-stained with anti-HIV-1 Env, anti-HA, and either anti-Rab5 (early endosome), anti-Rab7 (late endosome), or anti-LAMP1 (lysosome) antibodies, and then the signals were visualized with AlexaFluor488 goat anti-Human IgG, AlexaFluor594 donkey anti-mouse IgG and/or AlexaFluor647 donkey anti-rabbit IgG antibodies. MDMs (lower panels) infected with HIV-1 JR-FL (100 ng/mL p24) were also stained with anti-LAMP1 (red) and anti-Env antibodies (green) at 3 dpi. Nuclei were stained with DAPI. **(B)** The 293T cells were left untransfected, transfected with 2 μg of the HIV-1 Env expression vector, or co-transfected with 2 μg of pCAG-ApoE3-HA vector. Twenty-four hours post-transfection, the cells were untreated ("No inhibitor") or treated with the lysosomal inhibitors (70 μM leupeptin and 10 μM pepstatin) for an additional 14 h. Then, the cells were lysed and subjected to western blot to analyze the expression of Env. **(C)** MDMs were infected with JR-FL (100 ng/mL) and cultured for 2 days. Then, the cells were untreated or treated with the lysosomal inhibitors (70 μM leupeptin and 10 μM pepstatin) for an additional 8 h, lysed and subjected to western blot to analyze the expression of Env. Since the treatment of MDMs with these inhibitors for 14 h caused a visible toxicity, we employed a shorter (8 h) treatment. In the right panel, the Env levels (quantified by the densitometric analysis) in the treated MDMs are represented as percentages relative to those in the untreated MDMs, and results for MDMs obtained from 3 donors are summarized.](ppat.1007372.g008){#ppat.1007372.g008}

Discussion {#sec009}
==========

In this study, we demonstrated that ApoE acts as the HIV-1-inducible inhibitor in primary human macrophages: HIV-1 up-regulates ApoE, which, in turn, inhibits viral production and infectivity by targeting HIV-1 Env in the lysosomes. Of note, HIV-1 selectively up-regulates ApoE among apolipoproteins. ApoE transcription in macrophages is regulated by two multi-enhancers termed ME.1 and ME.2 \[[@ppat.1007372.ref078]\], and has been shown to involve multiple factors including STAT1 \[[@ppat.1007372.ref079]\], glucocorticoid receptor \[[@ppat.1007372.ref080]\], NF-κB \[[@ppat.1007372.ref081]\], AP-1 \[[@ppat.1007372.ref081], [@ppat.1007372.ref082]\], TGF-β \[[@ppat.1007372.ref082]\], liver X receptors (LXRs) \[[@ppat.1007372.ref083]\], and peroxisome proliferator-activated receptor γ \[[@ppat.1007372.ref084]\]. In addition, the ATP binding cassette transporter ABCA1 modulates ApoE secretion from macrophages \[[@ppat.1007372.ref085]\]. ABCA1, which is defective in Tangier disease, is a key regulator of cholesterol efflux. In cholesterol-loaded macrophages, the activation of LXRs leads to an increased expression of ABCA1, ATP binding cassette transporter G1 (ABCG1) and ApoE to promote cholesterol efflux \[[@ppat.1007372.ref083]\]. However, it remains to be elucidated how HIV-1 selectively induces ApoE, by using these factors. At least, ApoE induction was independent of the IFN system since ApoE is not the ISG ([Fig 1E](#ppat.1007372.g001){ref-type="fig"}), and also independent of HIV-1 accessary proteins including Nef, Vpr, Vpu and Vif ([S2 Fig](#ppat.1007372.s002){ref-type="supplementary-material"}).

HIV-1 has been associated with ApoA-I \[[@ppat.1007372.ref086]--[@ppat.1007372.ref088]\], ApoB \[[@ppat.1007372.ref088]\], and ApoC-III \[[@ppat.1007372.ref089]\]. For instance, ApoA-I, a major protein component of HDL, was reported to inhibit HIV-1 infectivity and HIV-1-induced syncytium formation \[[@ppat.1007372.ref086]\]. ApoA-I was also shown to interact with gp41, a transmembrane subunit of HIV-1 Env, and prevent the insertion of the fusogenic domains into the cellular membrane, resulting in the inhibition of fusion and the entry of HIV-1 into the host cells \[[@ppat.1007372.ref087]\]. Because our results suggested that ApoE, another component of HDL, preferentially binds to the precursor gp160 Env rather than gp120 Env ([Fig 6C](#ppat.1007372.g006){ref-type="fig"} and [S13 Fig](#ppat.1007372.s013){ref-type="supplementary-material"}), ApoE may interact with gp41 as ApoA-I does. Of interest, although we confirmed the ApoA-I-Env co-localization in 293T cells ([S14A Fig](#ppat.1007372.s014){ref-type="supplementary-material"}), we failed to detect a clear reduction in Env expression by the ApoA-I co-expression ([S14B Fig](#ppat.1007372.s014){ref-type="supplementary-material"}). This might be due to the difference in their inhibitory mechanisms, i.e., the inhibition of HIV-1 entry by Apo-AI \[[@ppat.1007372.ref087]\] and the degradation of Env by ApoE.

Dobson *et al*. \[[@ppat.1007372.ref064]\] and Kelly *et al*. \[[@ppat.1007372.ref065]\] reported the anti-HIV-1 activity of ApoE-derived peptide analogues: they showed that the ApoE-derived peptides acted on target cells whereas our results suggested that ApoE acted on virus-producing cells. On the other hand, Burt et al. reported that purified recombinant ApoE4 proteins enhanced the *in vitro* HIV-1 entry in SupT1-CCR5 cells \[[@ppat.1007372.ref055]\]. Because the frequency of ApoE4 (13--20%) was lower than that of ApoE3 (65--80%), it was possible that we mainly detected the anti-HIV-1 activity of ApoE3 in the knockdown experiments using MDMs, in which all the isoforms were targeted (Figs [2](#ppat.1007372.g002){ref-type="fig"}--[4](#ppat.1007372.g004){ref-type="fig"}). However, the over-expression experiments using 293T cells clearly demonstrated that all the isoforms including ApoE4 had the anti-HIV-1 activity ([Fig 5](#ppat.1007372.g005){ref-type="fig"}). The lipid-binding domain is critical for its binding to triglyceride-rich lipoproteins \[[@ppat.1007372.ref090]\] and the substitution at glutamic acid 255 in the domain can alter the preference of ApoE4 from VLDL to HDL \[[@ppat.1007372.ref090]\]. In this study, we demonstrated that the C-terminal region including the lipid-binding domain was required for the anti-HIV-1 activity of ApoE3 ([Fig 7B](#ppat.1007372.g007){ref-type="fig"}). The amino acid sequence of the C-terminal region (residues 125--299) of ApoE3 is identical to that of ApoE4 and the ApoE mutants that had only this region (E3C and E3CΔ) still retained the anti-HIV-1 activity ([Fig 7B](#ppat.1007372.g007){ref-type="fig"}). Thus, these results may suggest that ApoE plays two different roles in HIV-1 infection: HIV-1 induces ApoE, which inhibits viral production in virus-producing cells but the induced/secreted ApoE enhances viral entry in target cells.

As mentioned above, it was reported that ApoE-derived peptide inhibited HIV-1 entry \[[@ppat.1007372.ref064], [@ppat.1007372.ref065]\]. The peptide is derived from the LDL-receptor binding domain (LRKLRKRLL; residues 141--149), which apparently contradicts our finding that the LDL-receptor binding domain was dispensable for the anti-HIV-1 activity of ApoE ([Fig 7B](#ppat.1007372.g007){ref-type="fig"}). However, it should mention that only the tandem repeat peptide (LRKLRKRLLLRKLRKRLL) had a detectable inhibitory activity against HIV-1, which was potentiated by the substitution of its four leucine residues with tryptophan residues \[[@ppat.1007372.ref064], [@ppat.1007372.ref065]\]. ApoE3 and ApoE4 bind to the LDL receptor with similar affinity as a ligand whereas ApoE2 does not bind to the LDL receptor \[[@ppat.1007372.ref017]\]. Nevertheless, all the isoforms including ApoE2 similarly suppressed HIV-1 Env expression ([Fig 5](#ppat.1007372.g005){ref-type="fig"}). LDL receptor also serves as the cellular receptor for VSV \[[@ppat.1007372.ref091]\]. However, all the ApoE isoforms failed to suppress VSV-G-pseudotyped viruses ([Fig 5H and 5I](#ppat.1007372.g005){ref-type="fig"}). These results suggest that the LDL receptor is not involved in the inhibitory effect of ApoE on HIV-1, which is consistent with the finding that the ApoE3 mutant that lacked the LDL-receptor binding domain still suppressed HIV-1 Env expression ([Fig 7B](#ppat.1007372.g007){ref-type="fig"}).

ApoE as well as several viruses (HIV-1, HSV, Dengue virus, and HCV) interact with heparin sulfate proteoglycans (HSPG) on the cell surface \[[@ppat.1007372.ref092]\]. HSPG participates in HIV-1-cell attachment and virus entry in T cells \[[@ppat.1007372.ref093]\] and macrophages \[[@ppat.1007372.ref094]\]. Similarly, ApoE mediates HCV attachment through an interaction with HSPG \[[@ppat.1007372.ref095]\]. A proteomic and biochemical analysis identified ApoE in purified HIV-1 derived from HIV-1-infected MDMs \[[@ppat.1007372.ref066]\]. Thus, the ApoE-HSPG interaction or ApoE on the HIV-1 virions may regulate the HIV-1 susceptibility to target cells \[[@ppat.1007372.ref055]\]. However, these features of ApoE may not account for its inhibitory effect on HIV-1 observed in this study. HIV-1 infection alters lipid cholesterol status in host cells to stimulate excessive cholesterol accumulation inside cells \[[@ppat.1007372.ref095]\]. This can stimulate the formation of chylomicron, chylomicron remnants, HDL and LDL, and these lipids enhance the secretion of ApoE as it is a vital component of cholesterol efflux in macrophages \[[@ppat.1007372.ref016]\]. Our results suggest that HIV-1 has an additional function to enhance the secretion of ApoE, i.e., the direct up-regulation of transcription of ApoE in macrophages.

Humans have evolved host defense mechanisms with APOBEC3 family including APOBEC3A (A3A), A3B, A3C, A3DE, A3F, A3G, and A3H, while mouse has only APOBEC3. Similarly, only human evolved three ApoE isoforms. All other animals, including the great apes, have a single ApoE isoform that has arginine at the residues equivalent to 112 and 158 \[[@ppat.1007372.ref018]\]. HIV-1 has a counteraction system that uses accessory proteins, such as Vif, Vpu, Vpx and Nef to antagonize host HIV-1 restriction factors, such as APOBEC3G \[[@ppat.1007372.ref024]--[@ppat.1007372.ref026]\], Tetherin/BST2 \[[@ppat.1007372.ref028], [@ppat.1007372.ref029]\], SAMHD1 \[[@ppat.1007372.ref030], [@ppat.1007372.ref031]\], and SERINC5 \[[@ppat.1007372.ref096], [@ppat.1007372.ref097]\], respectively. However, the counteractive HIV-1 protein partner for several HIV-1 restriction factors such as TRIM5α, MX-2, and MARCH8 remains unclear. In this study, we demonstrated that all the isoforms of ApoE strongly suppressed the expression of Env regardless of the presence of other HIV-1 proteins including the accessory proteins. Thus, an HIV-1 partner protein, if any, may not be potent in its antagonistic effect on the anti-HIV-1 activity of ApoE3. Also, ApoE is not the ISG, unlike most HIV-1 restriction factors.

A noteworthy finding of our study is that ApoE appears to target HIV-1 Env for the lysosomal degradation ([Fig 8](#ppat.1007372.g008){ref-type="fig"}), which is consistent with the finding that ApoE is involved in cholesterol homeostasis, lipid antigen presentation and amyloid formation in the endosomal and/or lysosomal pathways \[[@ppat.1007372.ref098]--[@ppat.1007372.ref100]\]. Interestingly, recently-identified macrophage-specific HIV-1 restriction factors, such as MARCH8 and DCAF1, were also reported to target HIV-1 Env for the lysosomal degradation \[[@ppat.1007372.ref041], [@ppat.1007372.ref049]\], although the detailed molecular mechanism is not fully understood. More interestingly, the anti-HIV-1 Env activity of DCAF1 is overcome by HIV-1 Vpr protein \[[@ppat.1007372.ref041]\], and MARCH8 inhibits not only HIV-1 Env but also VSV-G Env more remarkably \[[@ppat.1007372.ref049]\], both of which are not seen with ApoE. Therefore, it will be intriguing to compare how these factors affect the expression level of HIV-1 Env including the responsible molecular pathways, under the same experimental settings. Since the ApoE3 mutants (E3N and E3NΔ) that failed to suppress Env expression still co-localized and presumably associated with Env ([Fig 7C](#ppat.1007372.g007){ref-type="fig"}), these mutants will be helpful to elucidate how ApoE induces Env degradation. It will be also necessary to clarify to what extent ApoE plays its inhibitory role in HIV-1 infection among donors because the basal expression level of ApoE in macrophages varied among donors ([Fig 1B](#ppat.1007372.g001){ref-type="fig"}).

In this study, we found that ApoE, when expressed in 293T cells, reduced the level of p24 Gag in the supernatants ([Fig 5E, 5F, 5G and 5H](#ppat.1007372.g005){ref-type="fig"}). Interestingly, Gag and Env of HIV-1 have been proposed to interact and co-traffic in cells \[[@ppat.1007372.ref101]\]. Thus, it is possible that the reduced p24 in the supernatants was at least in part due to the Gag-Env interaction/co-trafficking. It has been also proposed that the Gag-Env interaction is mediated by the cytoplasmic tail of HIV-1 Env \[[@ppat.1007372.ref101]\], the domain of which is not found in VSV-G Env. Consistent with this, the ApoE expression did not affect the p24 level of viruses pseudotyped with VSV-G Env ([Fig 5H](#ppat.1007372.g005){ref-type="fig"}).

The current study revealed that ApoE is the HIV-1-inducible inhibitor of viral production and infectivity in macrophages. Mechanistically, ApoE appears to associate with Env and target it for lysosomal degradation. Unlike the lytic infection in T cells, HIV-1-infected macrophages show little viral-induced cytopathic effect and persist in tissue for extended periods with large numbers of infectious particles contained within cytoplasmic vacuoles for unknown mechanisms. Thus, our results will help to understand the molecular basis by which macrophages can maintain the long-term persistent infection of HIV-1.

Materials and methods {#sec010}
=====================

Ethics statement {#sec011}
----------------

Approval for this study was obtained from the Kumamoto University medical ethics committee. Heparinized venous blood was collected from healthy donors after informed consent had been obtained in accordance with the Declaration of Helsinki. All human subjects were adult. The informed consent given was written.

Preparation of MDMs and HIV-1 infection {#sec012}
---------------------------------------

Human MDMs were prepared as described previously \[[@ppat.1007372.ref102]\]. Briefly, peripheral blood mononuclear cells were suspended in RPMI 1640 medium containing a low concentration of FBS (1%) to facilitate the adherence of monocytes and seeded into multi-well plates. Monocytes were enriched, by allowing them to adhere to multi-well plates or chamber slides for 1 h, and non-adherent cells were removed by washing with PBS. The adherent monocytes were differentiated into MDMs by culturing with RPMI 1640 supplemented with 10% FBS containing 100 ng/mL rhM-CSF (a gift from Morinaga Milk Industry, Japan). After 3 days, the media were replaced with fresh complete media after through wash with PBS to further remove non-adherent cells, and incubated for another 2 days. The day-5 MDMs were used in the experiments described later.

HIV-1 infection to MDMs and HIV-1 p24 ELISA {#sec013}
-------------------------------------------

Recombinant HIV-1 was prepared as described previously \[[@ppat.1007372.ref102]\]. Briefly, HEK293A cells (Invitrogen, Carlsbad, CA, USA) cultured in DMEM supplemented with 10% FBS were used as viral producer cells. The cells were seeded into 12-well tissue culture plates and transfected with the HIV-1 molecular clone (pJR-FL, provided by Dr. Y. Koyanagi, Kyoto University, Kyoto, Japan) using Lipofectamine 2000 reagent (Invitrogen). After 6 h of transfection, culture media were replaced with fresh media, and the cells were cultured for an additional 48 h. Then, the supernatants containing recombinant viruses were clarified by centrifugation, analyzed for their HIV-1 p24 concentrations by ELISA (MBL, Nagoya, Japan), and stored at -70°C before use. HIV-1 infection was performed as described previously \[[@ppat.1007372.ref102]\]. MDMs were incubated with 200 μL (for 24-well plate) or 400 μL (for 2-well chamber slide) of the supernatants of HEK293A cells containing HIV-1 (100 ng/mL of p24 unless otherwise stated) for 2 h at 37°C. Then, the cells were washed twice with PBS to remove any unbound viruses, cultured with media containing rhM-CSF and subjected to the experiments including microarray, western blot and real-time RT-PCR.

Microarray {#sec014}
----------

Microarray analysis was performed as described previously \[[@ppat.1007372.ref103]\]. Total RNA prepared from MDMs was biotin-labeled using a GeneChip 3'IVT express kit (Affymetrix), and microarray analysis was performed at TaKaRa-Bio using high-density Affymetrix GeneChip oligonucleotide arrays (Human Genome U133 Plus 2.0). Data was analyzed using GeneSpring 14.5 software (Agilent Technologies). Microarray data have been deposited in the National Center for Biotechnology Information Gene Expression Omnibus (GSE71290; <http://www.ncbi.nlm.nih.gov/geo>).

Western blot {#sec015}
------------

Western blot was performed as described previously \[[@ppat.1007372.ref104]--[@ppat.1007372.ref106]\]. MDMs or transfected 293T cells were lysed in buffer containing 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 4 mM EDTA, 1% Nonidet (N) P-40, 0.1% sodium dodecyl sulfate (SDS), 1 mM dithiothreitol (DTT) and 1 mM phenyl-methylsulfonyl fluoride (PMSF). Supernatants from these lysates were subjected to SDS-polyacrylamide gel electrophoresis and transferred to Immobilon-P PVDF transfer membranes. The membranes were then incubated with the following primary antibodies: anti-ApoE (EP1347Y; Abcam), anti-apolipoprotein B (AB742; EMD Millipore), anti-HIV-1 p24 rabbit polyclonal antibody (65--004; Bioacademia, Japan), anti-HIV-1 p24 mouse monoclonal antibody (A2-851-100; Icosagen, Estonia), anti-HIV-1 Env (KD-247) \[[@ppat.1007372.ref076]\], anti-VSV Glycoprotein (P5D4; Sigma), anti-HA (HA-7; Sigma), and anti-*β*-actin (AC-15; Sigma). After the incubation with HRP-labeled secondary antibodies, proteins were visualized using Western Lightning Plus-ECL (PerkinElmer) and an Amersham Imager 600 imaging system (GE Healthcare). In a selected experiment, the intensity of bands was quantified using the ImageJ v.1.50i software.

Real-time RT-PCR {#sec016}
----------------

Real-time RT-PCR was performed as described previously \[[@ppat.1007372.ref106]\]. MDMs were treated with 1,000 U/mL of IFN-α (Sigma) for 24 h of IFN-α in selected experiments. Alternatively, MDMs were transfected with siRNAs (see below). Total RNA was isolated using an RNeasy mini kit (QIAGEN), and cDNAs were synthesized using an oligo(dT)~12-18~ primer and M-MLV reverse transcriptase (Invitrogen). Then, real-time RT-PCR was performed with *ApoE*, *MX2* or *β-actin* primer sets and SYBR Premix Ex Taq II (TaKaRa-Bio) using a LightCycler Nano (Roche) with 35 cycles. Primer sequences are as follows: 5'-AGCTGGTTCGAGCCCCTGGTG-3' (forward) and 5'-TCAGTGATTGTCGCTGGGCAC-3' (reverse) for *ApoE*, 5'-ATGTCTAAGGCCCACAAGCCT-3' (forward) and 5'-TGGCACTGTGCCGAATGGCGG-3' (reverse) for *MX2*, 5'-TGACGGGGTCACCCACACTG-3' (forward) and 5'-AAGCTGTAGCCGCGCTCGGT-3'(reverse) for *β-actin*.

RNA interference {#sec017}
----------------

Knockdown of ApoE in MDMs was performed using Lipofectamine RNAiMAX reagent (Invitrogen) according to the manufacturer's instructions. MDMs cultured on 24-well plates (approximately 1x10^5^ cells/well) were cultured with antibiotic-free media for 1 day, and then transfected with 10 pmol/well of siRNA using 1.5 μL/well of Lipofectamine RNAiMAX. Both the control siRNAs (non-targeting siRNA pool; D-001206-13, non-targeting siRNA \#1; D-001210-01) and the ApoE-specific siRNAs (ApoE siRNA pool; M-006470-00, ApoE siRNA \#1; D-006470-01, ApoE siRNA \#2; D-006470-02) were purchased from Dharmacon. After 6 h of transfection, the culture media were replaced with fresh media, and cultured for another 2 days. The knockdown efficiency was assessed by western blot. MDMs transfected were also subjected to the experiments including flow cytometry, MTT assay and HIV-1 infection.

Flow cytometry and cell viability {#sec018}
---------------------------------

MDMs were transfected with the control or ApoE siRNA and cultured for 2 days. Then, MDMs were detached from plates using enzyme-free cell dissociation buffer (Life Technologies) and analyzed for the cell surface expression of CD4 or CCR5 by flow cytometry on FACSVerse (BD Biosciences) using FlowJo software (Tree Star), as described previously \[[@ppat.1007372.ref102]\]. The following antibodies were used: APC-labeled anti-CD4 (RPA-T4; BioLegend) and FITC-labeled anti-CCR5 (HEK/1/85a; BioLegend). Also, MDMs infected with HIV-1 were fixed in 1% paraformaldehyde (Sigma), permeabilized with 0.1% saponin (Sigma), stained with FITC-labeled anti-HIV-1 p24 (KC57; Coulter), and analyzed by flow cytometry \[[@ppat.1007372.ref103]\]. Cell viability was assessed using MTT reagent as described previously \[[@ppat.1007372.ref103]\]. The absorbance of the wells was measured at 595 nm.

Viral infectivity assay {#sec019}
-----------------------

The viral infectivity was assessed using TZM-bl cells (NIH AIDS Research & Reference Program), as described previously \[[@ppat.1007372.ref102]\]. The cells (1x10^5^ cells/well) were seeded onto 24-well plates and infected with serially diluted viruses normalized for the concentration of p24 proteins. At 24 h post-infection, firefly luciferase activity was measured with a LB9507 luminometer (Berthold, Germany).

Immunofluorescence {#sec020}
------------------

Immunofluorescence was performed as described previously \[[@ppat.1007372.ref107]\]. 293T cells (3x10^4^ cells/well) were cultured in 2-well chamber slide and co-transfected with 100 ng pJR-FL and 100 ng pCAG-ApoE3-HA. Cells were fixed in 3.6% formaldehyde in PBS and permeabilized in 0.1% NP-40 in PBS at room temperature. The cells were incubated with anti-HIV-1 p24 (65--005; Bioacademia, Japan), anti-HA (HA-7), anti-HIV-1 Env (KD-247), anti-Rab5 (C8B1; Cell Signaling Technology, Danvers, MA), anti-Rab7 (D95F2; Cell Signaling Technology), anti-LAMP1 (ab24170, Abcam, Cambridge, UK), anti-CD14 (M-305; Santa Cruz Biotechnology), and/or anti-ApoE (EP1347Y; Abcam) antibody at a 1:300 dilution in PBS containing 3% BSA. Cells were then stained with Alexa Fluor 488 goat anti-Human IgG (A11013), Alexa Fluor 594 donkey anti-mouse IgG (A21203) and/or Alexa Fluor 647 donkey anti-rabbit IgG antibody (A315719) (all from Molecular probe) at a 1:300 dilution in PBS containing 3% BSA. Nuclei were stained with DAPI. Following extensive washing in PBS, the cells were mounted on slides using a mounting media of SlowFade Gold anti-fade reagent (Invitrogen). Samples were viewed under a confocal laser-scanning microscope (FV1200; Olympus, Tokyo, Japan). Image processing was performed using the FV Viewer ver. 4.1 software (Olympus). The cellular localization of target proteins including Env was quantified using ImageJ software. The co-localization of different target proteins was also quantified using the built in coloc2 plugin. In brief, the Manders overlap coefficient (MOC), as a measure of the colocalization between the different fluorescent signals in each channel, was calculated.

Transfection into 293T cells {#sec021}
----------------------------

Transient transfection was performed using 293T cells (Invitrogen) and TransIT-LT1 (Mirus) according to the manufacturer's protocol, as described previously \[[@ppat.1007372.ref107]\]. The cells were cultured with DMEM supplemented with 10% FBS.

ApoE and its mutant plasmids {#sec022}
----------------------------

The ApoE expression vectors (pCAG-ApoE2-HA, pCAG-ApoE3-HA, and pCAG-ApoE4-HA) \[[@ppat.1007372.ref058]\] were used. To construct pcDNA3-ApoE3-HA, pcDNA3-ApoE3N-HA, pcDNA3-ApoE3NΔ-HA, and pcDNA3-ApoE3C-HA, each ApoE3 DNA fragment was amplified from pCAG-ApoE3 \[[@ppat.1007372.ref058]\] by PCR using Tks Gflex DNA polymerase (TaKaRa-Bio) and the following pairs of primers: 5'-CCGGGATCCAAGATGAAGGTTCTGTGGGCT-3' (Forward) and 5'-CGCTCGAGTCAGGCATAGTCAGGCACGTCATAAGGATAGTGATTGTCGCTGGGCACA-3' (Reverse) for ApoE3-HA (E3), 5'-CCGGGATCCAAGATGAAGGTTCTGTGGGCT-3' (Forward) and 5'-CGCTCGAGTCAGGCATAGTCAGGCACGTCATAAGGATAGTACACTGCCAGGCGCTTC-3' (Reverse) for ApoE3N (E3N), 5'-CCGGGATCCAAGATGAAGGTTCTGTGGGCT-3' (Forward) and 5'-CGCTCGAGTCAGGCATAGTCAGGCACGTCATAAGGATAGTGGGAGGCGAGGCGACAC-3' (Reverse) for ApoE3NΔ (E3NΔ), 5'-CCGGGATCCAAGATGCTCGGCCAGAGCACC-3' (Forward) and 5'-CGCTCGAGTCAGGCATAGTCAGGCACGTCATAAGGATAGTGATTGTCGCTGGGCACA-3' (Reverse) for ApoE3C (E3C), and 5'-CCGGGATCCAAGATGCAGGCCGGGGCCCGCGAG-3' (Forward) and 5'-CGCTCGAGTCAGGCATAGTCAGGCACGTCATAAGGATAGTGATTGTCGCTGGGCACA-3' (Reverse) for ApoE3CΔ (E3CΔ). The amplified PCR products were subcloned into a *Bam*H1-*Xho*I site of pcDNA3.

HIV-1 molecular clones and Env plasmids {#sec023}
---------------------------------------

HIV-1 molecular clones used for transfection were as follows: pJR-FL \[[@ppat.1007372.ref067]\], pAD8 \[[@ppat.1007372.ref070]\], pNL4-3 \[[@ppat.1007372.ref071]\], and pR9 \[[@ppat.1007372.ref072], [@ppat.1007372.ref073]\]. In a selected experiment, the pR9 mutant lacking Env expression (pR9ΔEnv) was used \[[@ppat.1007372.ref072], [@ppat.1007372.ref073]\]. Also, in selected experiments, the HIV-1 JR-FL Env expression plasmid pJR-FL Env \[[@ppat.1007372.ref108]\] or VSV-G Env expression plasmid pMD.2G \[[@ppat.1007372.ref109], [@ppat.1007372.ref110]\] were used.

Collection and analysis of released virions {#sec024}
-------------------------------------------

Released HIV-1 virions were collected by centrifugation of the culture supernatants from transfected 293T cells at 20,000 x g for 2 h at 4 °C. The pellets containing virions were dissolved in the lysis buffer and then subjected to western blot.

Immunoprecipitation {#sec025}
-------------------

Immunoprecipitation was performed as described previously \[[@ppat.1007372.ref111]\]. Transfected 293T cells were lysed in the buffer containing 10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 4 mM EDTA, 0.1% NP-40, 10 mM NaF, 1 mM DTT, and 1 mM PMSF. The lysates were pre-cleared with Protein-G-Sepharose (GE Healthcare), and incubated with anti-HA antibody (3F10; Roche) at 4 °C for 1 h. After the incubation with Protein-G-Sepharose for 1 h, the resin was washed five times with the lysis buffer. Proteins eluted were then subjected to western blot.

Lysosomal inhibitors {#sec026}
--------------------

MDMs or transfected 293 T cells were incubated with the lysosomal inhibitors (purchased from Peptide Institute, Osaka, japan), leupepetin (70 μM) and pepstatin (10 μM). Leupeptin and pepstatin was dissolved in H~2~O and DMSO, respectively, and the same volumes of H~2~O and DMSO were used as vehicle controls.

Statistical analysis {#sec027}
--------------------

The statistical significance of the inter-sample differences was determined using the paired Student's *t* test. *p* values of \< 0.05 were considered significant.

Supporting information {#sec028}
======================

###### Effect of HIV-1 infection on ApoE expression in MDMs.

MDMs (2 donors) were infected with HIV-1 JR-FL (100 ng/mL p24) by using the supernatants of HEK293A cells transfected with the HIV-1 molecular clone as a source of viruses ("HIV-1"). To confirm that the ApoE induction was due to HIV-1 infection, MDMs were also incubated with the same volume of the supernatants of HEK293A cells transfected with the empty vector pUC119 ("Mock"). Those MDMs were then cultured for 1, 2, 3, 5, or 8 days, lysed, and subjected to western blot to analyze the expression of ApoE, or ApoB as a reference, using anti-ApoB antibody (AB742; EMD Millipore). HuH-7, the human hepatoma cell line (a gift from Dr. N. Kato, Okayama University, Okayama, Japan), was used as a positive control fro ApoB expression (right-most lane). MDMs were also analyzed for the expression of HIV-1 p24 to verify the viral replication. Anti-β-actin blot was used as a loading control. The lysates of MDMs were also prepared immediately before HIV-1 infection as a control ("0 dpi").

(EPS)

###### 

Click here for additional data file.

###### Effects of infection of HIV-1 mutant viruses on ApoE expression in MDMs.

**(A)** MDMs were infected with the AD8 strain of HIV-1 (100 ng/mL p24) by using the supernatants of 293T cells transfected with the HIV-1 molecular clones as a source of viruses, and cultured for 5 days. In addition to the wild-type (WT), Nef-deficient (ΔNef), Vpr-deficient (ΔVpr), Vpu-deficient (ΔVpu) and Vif-deficient (ΔVif) mutant viruses were used (Schubert U, Clouse KA, Strebel K. Augmentation of virus secretion by the human immunodeficiency virus type 1 Vpu protein is cell type independent and occurs in cultured human primary macrophages and lymphocytes. J. Virol. 1995; 69: 7699--7711). The control uninfected MDMs were prepared by culturing with media for 5 days. Those MDMs were lysed and subjected to western blot to analyze the expression of ApoE as well as HIV-1 Gag (p24 and p55). Anti-β-actin blot was used as a loading control. As shown, the mutant viruses such as AD8ΔVif, the growth of which was weaker than that of the wild-type viruses, still up-regulated ApoE in MDMs. Thus, the lower replication level might be enough for ApoE induction. Alternatively, the attachment of viruses to the cell surface receptors or viral entry might trigger ApoE induction. **(B)** MDMs were infected with the WT or ΔVif viruses as in (A). Three different preparations of viral stock were used. MDMs were then cultured for 5 days, lysed, and subjected to western blot to analyze the expression of ApoE. The blots with shorter (1 min) and longer (3 min) exposures are shown. The difference in ApoE level between WT and ΔVif was detectable in the preparation-3 as in (A), but ΔVif virus of the preparations 1 and 2 did not necessarily up-regulated ApoE more potently than WT virus.

(EPS)

###### 

Click here for additional data file.

###### Effect of HIV-1 infection on ApoE expression in CD4^+^ T cells.

**(A)** MT-4 cells (5x10^6^ cells) were left uninfected or infected with the NL4-3 strain of HIV-1 (total 200 ng of p24), cultured for 3 days, lysed, and subjected to western blot to analyze the expression of ApoE or p24 (to verify the viral replication). Anti-β-actin blot was used as a loading control. **(B)** Peripheral blood mononuclear cells were seeded onto dishes to allow monocytes to adhere. The non-adherent cells containing CD4^+^ T cells (3 donors) were activated with PHA (50 μg/mL; Sigma) and rhIL-2 (Prospec) for 2 days, and the cultured for 24 h with rhIL-2 alone. Then, they (5x10^6^ cells) were left uninfected or infected with NL4-3 (total 200 ng of p24), cultured for 3 days, and analyzed as in (A).

(EPS)

###### 

Click here for additional data file.

###### Effect of ApoE knockdown on the formation of HIV-1-infected multi-nucleated MDMs.

MDMs were transfected with either ApoE-targeting siRNA ("si-ApoE") or non-targeting siRNA as a control ("si-Cr"), which is a mixture of 4 siRNAs ("4-pool"), cultured for 2 days, infected with HIV-1 JR-FL (100 ng/mL p24) for another 2 days, and stained with DAPI to identify multi-nucleated MDMs (indicated by yellow arrowheads). As we recently showed (Hashimoto M, Bhuyan F, Hiyoshi M, Noyori O, Nasser H, Miyazaki M, et al. Potential role of the formation of tunneling nanotubes in HIV-1 spread in macrophages. J. Immunol. 2016; 196:1832--1841), the nuclei were arranged in a circular pattern in HIV-1-infected fused MDMs. The numbers of the multi-nucleated MDMs were also quantified (see [Fig 2F](#ppat.1007372.g002){ref-type="fig"}). Data shown are representative of experiments obtained from 2 different donors with similar results.

(EPS)

###### 

Click here for additional data file.

###### Effect of ApoE knockdown on the localization of Env in MDMs.

**(A-C)** MDMs were transfected with either pooled non-targeting siRNAs (upper panels) or ApoE siRNA \#1 (lower panels), cultured for 2 days, infected with HIV-1 JR-FL (100 ng/mL p24) and co-stained with anti-Env antibodies (green), anti-CD14 antibodies (red) and DAPI (blue) at 2 dpi. The signal of Env and CD14 within the yellow frames (A) was quantified in (B) and (C).

(EPS)

###### 

Click here for additional data file.

###### Expression of ApoE in various cell lines including 293T cells.

The expression of ApoE in the indicated cell lines was analyzed by western blot. Anti-β-actin blot was used as a loading control. U937: a human monocytic cell line.

(EPS)

###### 

Click here for additional data file.

###### Effect of exogenous expression of ApoE on Env expression in 293T cells, and the levels of ApoE in the transfected 293T cells and HIV-1-infected MDMs.

The 293T cells were co-transfected with 2 μg of HIV-1 molecular clone (JR-FL) and the indicated amounts of HA-tagged ApoE3 expression vector, cultured for 2 days, lysed, and subjected to western blot to analyze the expression of Env and p24. ApoE expression was also verified. Anti-β-actin blot was used as a loading control. In order to show the level of the expression of ApoE in 293T cells, uninfected MDMs and MDMs infected with JR-FL for 8 days (see donor 2 in [S1 Fig](#ppat.1007372.s001){ref-type="supplementary-material"}) were added as references.

(EPS)

###### 

Click here for additional data file.

###### Effect of exogenous expression of ApoE on viral infectivity of HIV-2.

The 293T cells were transfected with 2 μg of HIV-2 molecular clone (ROD10) (Chen CY, Shingai M, Welbourn S, Martin MA, Borrego P, Taveira N, et al. Antagonism of BST-2/Tetherin is a conserved function of the Env glycoprotein of primary HIV-2 isolates. J. Virol. 2016; 90: 11062--11074.), or co-transfected with 2 μg of HA-tagged ApoE3 expression vector. The supernatants of the transfected 293T cells were collected and analyzed for their levels of p24 concentration by ELISA (upper panel). Then, the infectivity of the produced viruses (lower panel) was measured (lower panel). TZM-bl indicator cells were infected with HIV-2 ROD10 (input p24: 0.5 ng/mL), and at 24 h of post-infection, the viral infectivity was measured by luciferase assays. The infectivity of the viruses produced by ApoE3 co-transfected cells are represented as percentages relative to that by empty vector-transfected cells. Error bars indicate standard deviations of triplicate assays.

(EPS)

###### 

Click here for additional data file.

###### Effects of exogenous expression of ApoE on the expression of Env and p24 in the absence of other viral proteins in 293T cells.

**(A)** The 293T cells were transfected with 2 μg of the HIV-1 Env expression vector (pJR-FL Env), or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector, cultured for 2 days, lysed, and subjected to western blot to analyze the expression of Env. ApoE expression was verified using anti-HA antibody. Anti-β-actin blot was used as a loading control. **(B)** The 293T cells were transfected with 2 μg of an HIV-1 p24 expression vector, or co-transfected with 2 μg of the indicated HA-tagged ApoE expression vector, cultured for 2 days, lysed, and subjected to western blot to analyze the expression of p24. The p24 expression vector was prepared as follows: the DNA fragment encoding p24 was amplified from pCMVΔR8.74 (Zufferey R, Nagy D, Mandel RJ, Naldini L, Trono D. Multiply attenuated lentiviral vector achieves efficient gene delivery in vivo. Nat Biotechnol. 1997; 15: 871--875) by PCR using KOD-Plus DNA polymerase (TOYOBO, Osaka, Japan) and the following primer pair: 5'-CGGGATCCAAGATGCCTATAGTGCAGAACATCCAG-3' (forward), 5'-CCGGCGGCCGCTTACAAAACTCTTGCTTTA-3' (reverse), and then the amplified PCR product was sub-cloned into the *Bam*H1-*Not*I site of pcDNA3 vector. **(C)** The 293T cells were transfected with 2 μg of the AD8 Env expression vector (pNLA1-AD8) or HIV-2 (ROD10) Env expression vector (pCM10-Env-HA) (Schubert U, Clouse KA, Strebel K. Augmentation of virus secretion by the human immunodeficiency virus type 1 Vpu protein is cell type independent and occurs in cultured human primary macrophages and lymphocytes. J. Virol. 1995; 69: 7699--7711), or co-transfected with 2 μg of the ApoE3-HA expression vector, cultured for 2 days, lysed, and subjected to western blot to analyze the expression of Env.

(EPS)

###### 

Click here for additional data file.

###### Subcellular localization of HIV-1 Env in the absence or presence of ApoE3 in 293T cells.

The 293T cells were transfected with 100 ng of the HIV-1 molecular clone JR-FL or co-transfected with 100 ng of the HA-tagged ApoE3 expression vector in a 2-well chamber slide. Twenty-four hours post-transfection, the cells were stained to detect Env signal (see [Fig 6A](#ppat.1007372.g006){ref-type="fig"}). The cells were randomly selected (10 cells for each group) and analyzed for their distribution of Env signal. The positions of the plasma membrane are indicated by arrows.

(EPS)

###### 

Click here for additional data file.

###### Subcellular localization of HIV-1 Env in the presence of ApoE mutants in 293T cells.

The 293T cells were co-transfected with 100 ng of the HIV-1 molecular clone JR-FL and 100 ng of the indicated ApoE3 mutant expression vector. Twenty-four hours post-transfection, the cells were stained to detect Env signal (see [Fig 7C](#ppat.1007372.g007){ref-type="fig"}). The cells were randomly selected (5 cells for each group) and analyzed for their distribution of Env signal. The positions of the plasma membrane are indicated by arrows.

(EPS)

###### 

Click here for additional data file.

###### Quantification of the presence of HIV-1 Env and ApoE in endosomes and lysosomes in 293T cells.

**(A-C)** The 293T cells were co-transfected with 100 ng of the HIV-1 molecular clone JR-FL and 100 ng of pCAG-ApoE3-HA in a 2-well chamber slide. Twenty-four hours post-transfection, the cells were co-stained to detect the signal of Env, ApoE, Rab5, Rab7, or LAMP1 (see [Fig 8A](#ppat.1007372.g008){ref-type="fig"}, upper panels). The subcellular distribution of Env/ApoE and either Rab5 (A), Rab7 (B), or LAMP1 (C) was analyzed by measuring the Mander's overlap coefficient using the coloc 2 ImageJ software plugin.

(EPS)

###### 

Click here for additional data file.

###### The association between ApoE and gp160 Env in 293T cells treated with lsosomal inhibitors.

The 293T cells were co-transfected with 4 μg of the HIV-1 molecular clone JR-FL and 4 μg of the indicated HA-tagged ApoE expression vector (either ApoE3 or ApoE4). Twenty-four hours post-transfection, the cells were treated with the lysosomal inhibitors (70 μM leupeptin and 10 μM pepstatin) for an additional 14 h. Then, the cells were lysed and incubated with the anti-HA antibody (to precipitate the ApoE complex), and the ApoE immunoprecipitates (IP) were analyzed for the presence of Env by western blot (upper right). The level of Env in the total cell lysates is also shown (upper left, "input"). The arrowheads indicate gp160 and gp120 of Env. In the bar graph, the gp160 or gp120 levels (quantified by the densitometric analysis) in the ApoE immunoprecipitates are represented as percentages relative to those in total cell lysates ("Recovery in ApoE-IP"), and results obtained from 3 independent experiments are summarized. \**p* \< 0.0001.

(EPS)

###### 

Click here for additional data file.

###### Effect of exogenous expression of ApoA-I on the localization and expression of HIV-1 Env in 293T cells.

**(A)** The 293T cells were co-transfected with 100 ng of the HIV-1 molecular clone (pJR-FL) and 100 ng of an ApoA-I expression vector (pcDNA3-ApoA-I-HA) in a 2-well chamber slide. Twenty-four hours post-transfection, cells were stained with anti-HIV-1 Env (KD-247) and anti-HA (HA-7) antibodies, and then visualized with AlexaFluor488 goat anti-Human IgG and AlexaFluor594 donkey anti-mouse IgG antibodies. Nuclei were stained with DAPI. Images were visualized using a confocal laser scanning microscopy. **(B)** The 293T cells were transfected with the 2 μg of pJR-FL, or co-transfected with 2 μg of pcDNA3-ApoA-I-HA, cultured for 2 days, lysed, and subjected to western blot to analyze the expression of Env. ApoA-I expression was verified using anti-HA antibody. Anti-β-actin blot was used as a loading control. The ApoA-I expression vector was prepared as follows: total RNA from HuH-7 was reverse-transcribed with oligo(dT)~12-18~ primer (Invitrogen), and the cDNA fragment encoding ApoA-I was amplified by PCR using KOD-Plus DNA polymerase and the following primer pair: 5'-CCGGGATCCAAGATGAAAGCTGCGGTGCTG-3' (forward) and 5'-CCGGCGGCCGCTCAGGCATAGTCAGGCACGTCATAAGGATACTGGGTGTTGAGCTTCTT -3' (reverse). The amplified DNA fragment was sub-cloned into the *Bam*H1-*Not*I site of pcDNA3 vector.

(EPS)

###### 

Click here for additional data file.
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